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ABSTRACT: Solvothermally synthesized Ga2O3 nanoparticles are incorporated into liquid 
metal/metal oxide (LM/MO) frameworks in order to form enhanced photocatalytic systems. The 
LM/MO frameworks, both with and without incorporated Ga2O3 nanoparticles, show 
photocatalytic activitydue to a plasmonic effect where performance is related to the loading of 
Ga2O3 nanoparticles. Optimum photocatalytic efficiency is obtained with 1 wt% incorporation of 
Ga2O3 nanoparticles. This can be attributed to the sub-bandgap states of LM/MO frameworks, 
contributing to pseudo-ohmic contacts which reduce the free carrier injection barrier to Ga2O3. 
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1. INTRODUCTION 
Liquid metals belong to the family of low melting point materials that maintain a liquid state at 
near room temperatures. For years, mercury was the most used liquid metal; however, mercury’s 
high toxicity has resulted in its gradual phasing out for many applications. Nowadays, gallium-
based alloys, such as Eutectic Gallium-Indium (EGaIn) and galinstan, are increasingly being 
used as replacements of mercury in different applications due to their relatively lower toxicity.1,2 
They provide relatively lower vapor pressures in comparison to mercury, and the formation of a 
thin layer of oxide (mainly made of gallium oxide) around the gallium-based alloys, in the 
presence of air, is another point of difference between these liquid metals and mercury that 
provides opportunities for creating advanced systems in microfluidics,3-5 electronics,6-8 self-
healing devices,9,10 and optics.11,12 
With increasing global concerns regarding environmental remediation, the implementation 
of solar light driven metal/metal oxide photocatalysts for the decomposition of pollutants has 
drawn great interest.13-15 The photocatalytic performance of such systems can be influenced by 
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many factors including the efficiency of electron-hole pair generation and separation,16-18 as well 
as the oxidizing potentials of the photogenerated charges.19 The former is relevant to the bandgap 
and how facile the electron-hole pair can be separated. The latter is determined by the band 
position of the metal oxide component.20 The ideal metal oxides in such a system are those with 
valance band edges exceeding the H2O/O2 oxidation potential, and with bandgap energies 
capable of absorbing the full solar light spectrum. 
A wide bandgap metal oxide like gallium oxide (Ga2O3) has the advantage of providing 
photogenerated charges with high oxidizing potentials given that its valance band edge is found 
to be located at –7.75 eV vs vacuum.21 However, photocatalytic applications of Ga2O3 are 
considerably limited on the grounds that it fails to generate sufficient electron-hole pairs upon 
illumination by solar light, as it has a wide band gap reported to be ~4.8 eV.21 Different 
approaches have been reported to form a metal/Ga2O3 system in order to enhance its 
photocatalytic activity. One of the most popular methods is to use noble metal nanoparticles to 
increase visible light absorption, by taking advantage of the surface plasmon resonance effect,22 
which has yet to be fully understood. Another approach is to dope metal ions into Ga2O3 but this 
inevitably prejudices the advantage of a highly negative conduction band edge.23,24   
Recently, we reported the formation of liquid metal/metal oxide (LM/MO) frameworks.25 
These frameworks are films made of micro- to nano-sized liquid metal galinstan spheres coated 
with nano-sized metal oxides. Galinstan is a eutectic alloy of gallium, indium and tin that 
naturally forms an oxide layer on its surface. Micro- to nano-sized spheres in LM/MO 
frameworks can be made using a simple sonication technique.25 The loading of incorporated 
metal oxides can also be engineered on demand.26,27 We have also demonstrated that LM/MO 
frameworks are capable of efficiently utilising the solar spectrum as well as preserving metallic 
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features that contribute to charge separation upon illumination. In light of this, with the majority 
of LM/MO frameworks consisting of gallium (68 wt% Ga, 22 wt% In and 10 wt% Sn) in the 
purely metallic state, and knowing that Ga2O3 has a favourable valance band edge, it is 
hypothesized that an efficient LM/MO photocatalytic system can be potentially made of such 
frameworks and the incorporation of additional Ga2O3.  
In this work, we develop a combined system made of LM/MO frameworks and incorporated 
Ga2O3. We investigate the methods for improving its photocatalytic performance by 
incorporating different loadings of Ga2O3. Experimental details are in Supplementary 
Information.  
2. RESULTS AND DISCUSSION 
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Figure 1. (a) A bulk galinstan droplet kept in DI water. (b) Suspension of micro- to nano-sized 
liquid metal marble spheres. SEM images of (c) top view of LM/MO frameworks with 
incorporated Ga2O3 nanoparticles (1 wt%), (d) LM/MO frameworks without incorporated Ga2O3 
nanoparticles, inset shows native oxide nanoplatelets, scale bar of the inset is 500 nm. (e) TEM 
image of solvothermally synthesized Ga2O3 nanoparticles, and (f) TEM diffraction patterns of 
Ga2O3 nanoparticles.  
 
The suspension of micro- to nano-sized liquid metal marble spheres is prepared by 
sonicating bulk galinstan in DI water (Figure 1a and 1b). A thick film of LM/MO frameworks is 
prepared by drop casting. Scanning electron microscopy (SEM) images of the cross section of 
the drop casted LM/MO frameworks film is shown in Figure S1. The Ga2O3 nanoparticles are 
synthesized using a solvothermal process.28 Different amounts of Ga2O3 nanoparticles are 
incorporated onto these galinstan spheres, via co-sonication, in order to realize a variation of 
loading ratios. SEM images of LM/MO frameworks with and without an incorporated Ga2O3 
nanoparticle coating can be seen in Figure 1c and 1d, respectively. The inset of Figure 1d shows 
that before incorporating Ga2O3 nanoparticles the LM/MO frameworks consist of micro- to nano-
sized galinstan spheres with native sub-stoichiometric oxides that originate through the 
sonication process.25 Figure 1e shows the transmission electron microscopy (TEM) image of 
Ga2O3 nanoparticles which are synthesized using a solvothermal process where the dimension of 
most of the Ga2O3 nanoparticles is within the range of 5 to 10 nm. Figure 1f shows the 
corresponding selected area electron diffraction (SAED) pattern of Ga2O3 nanoparticles. The 
synthesized Ga2O3 is detected to be γ-Ga2O3 using X-ray diffraction (XRD) measurements 
(Figure S2).  
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Figure 2. SEM images of surface morphology of micro-sized galinstan spheres with different 
loadings of Ga2O3: (a) 0 wt%, (b) 0.2 wt%, (c) 1 wt% and (d) 2 wt%. 
 
Figure 2a to 2d shows the surface morphology of micro-sized galinstan spheres 
incorporated with different loadings of Ga2O3 nanoparticles. In Figure 2a, only the native surface 
oxide layer and native oxide nanoplatelets formed by the sonication process are observed, with 
zero loading of Ga2O3 nanoparticles. Figure 2b shows that Ga2O3 nanoparticles form a relatively 
uniform distribution on the spherical structure. Increasing the loading of Ga2O3 nanoparticles 
results in a reasonably uniform coating (Figure 2c). From Figure 2d, it is observed that most of 
the spheres surface is covered by Ga2O3 nanoparticles when the loading reaches 2 wt%. Low 
magnification SEM images are presented to show the surface morphology with respect to 
different loading of Ga2O3 nanoparticles. (Figure S3)  
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 Figure 3. The XPS spectra of Ga 3d of LM/MO frameworks with different loadings of Ga2O3 
nanoparticles: (a) 0 wt%, (b) 0.2 wt%, (c) 1 wt% and (d) 2 wt%. (e) The XPS spectrum of Ga 3d 
of solvothermally synthesized Ga2O3 nanoparticles. (f) UV–Vis absorption spectra of Ga2O3 
nanoparticles, LM/MO framework, and LM/MO framework with 1 wt% Ga2O3 nanoparticles. 
 
To further characterize the effect of Ga2O3 nanoparticles incorporation, we conducted X-ray 
photo-electron spectroscopy (XPS) measurements of the LM/MO frameworks with various 
loadings of Ga2O3 nanoparticles. In the Ga 3d core level spectra (Figure 3a to 3e), peaks 
corresponding to Ga3+ (colored as red) and Ga0 (colored as blue) are observed.29 With the 
increase of Ga2O3 nanoparticles, the intensity of Ga3+ rises, while the intensity of Ga0 decreases. 
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The Ga0 signal can originate from the core metal as well as the presence of metallic gallium in 
sub-stoichiometric gallium oxide nanoplatelets and native oxide layer of LM/MO frameworks. 
As a result, XPS analysis suggests that it is likely that the incorporation of Ga2O3 nanoparticles 
changes the stoichiometry of the combined system at the contact boundaries between metal and 
nanoparticles (this hypothesis is investigated further using XPS valence band measurements, and 
is presented later). UV-Visible (UV-Vis) spectroscopy is implemented to assess the absorbance 
of LM/MO frameworks with incorporation of Ga2O3 nanoparticles. LM/MO frameworks with the 
incorporation of 1 wt% Ga2O3 nanoparticles is chosen for analysis as it presents a median phase 
between LM/MO frameworks and Ga2O3 nanoparticles used for the incorporation, according to 
the XPS spectra. Figure 3f shows that there is a strong signal in the deep UV region at less than 
220 nm in the absorption spectrum of LM/MO frameworks. The strong signal can be ascribed to 
the surface plasmon resonances (SPR) of metallic submicron- or nano-sized galinstan spheres.30 
The broad absorption peak spanning the UV and visible wavelengths could be attributed to 
plasmonic responses from the quasi-metallic sub-stoichiometric gallium oxides inherently 
formed on the surface of the spheres. The cut-off wavelength of the synthesized Ga2O3 
nanoparticles is 260 nm, therefore the corresponding bandgap of the Ga2O3 nanoparticles is 
estimated to be ~4.8 eV. The UV spectrum of LM/MO frameworks incorporated with 1 wt% 
Ga2O3 nanoparticles lies in between the spectra of LM/MO frameworks and Ga2O3 nanoparticles, 
which is consistent with the result from XPS measurements. The spectrum of the combined 
system also has a broad absorption peak at UV and visible range. This shows that the system is 
also capable of efficiently absorbing light.  The UV-Vis reflectance and transmission spectra of 
LM/MO frameworks with 1 wt% Ga2O3 nanoparticles are shown in Figure S4 (a brief analysis of 
the data is presented in the Supporting Information S4). 
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 Figure 4. (a) Degradation of 10 µM CR in the presence of Ga2O3 nanoparticles, LM/MO 
frameworks and LM/MO frameworks incorporated with different loadings of Ga2O3 
nanoparticles. (b) Degradation of 10 µM CR in the presence of one sample of LM/MO 
frameworks with 1 wt% incorporated Ga2O3 in four consecutive cycles. The difference of 
decomposition rates among four consecutive cycles is less than 2%.   
 
Congo red (CR) is utilized as the indicative dye to evaluate the photocatalytic performances 
of LM/MO frameworks incorporated with different concentrations of Ga2O3 nanoparticles. 
Additionally, samples made of pristine Ga2O3 and LM/MO frameworks are used as the 
benchmarks. As shown in Figure 4a, it is clearly seen that the pristine γ-Ga2O3 only decomposes 
CR at a rate of  ~0.03% h-1 under simulated solar light irradiation, which is attributed to its poor 
absorption in the solar spectrum owning to its wide energy band gap (~4.8 eV). The 
decomposition efficiency of LM/MO frameworks towards CR is close to ~47% h-1, which is 
consistent with our previous work.25 Significantly, the incorporation of Ga2O3 nanoparticles into 
the framework enhances the photocatalytic performance. Starting with as small a concentration 
as 0.2 wt% Ga2O3, the combined system reaches a CR decomposition rate of 50% h-1. As the 
amount of Ga2O3 increases to 1 wt%, complete decomposition of CR is achieved within 1 h 
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(~100% h-1). Interestingly, further increasing the Ga2O3 coating to 2 wt% compromises the 
performance. It can be observed that the time duration for the complete decomposition of CR 
rises to 90 min (~67% h-1). More photocatalytic activity responses can be found in Figure S5.  
Figure 4b shows the photocatalytic kinetic curves for the same LM/MO frameworks incorporated 
with 1 wt% Ga2O3 for four consecutive cycles. There is no significant degradation of CR 
decomposition efficiency during four consecutive cycles can be observed, confirming excellent 
stability and reusability of the system for photocatalytic applications. Raw data is presented in 
Supporting Information Table S1. Also, aluminum particles with incorporated Ga2O3 
nanoparticles are chosen as a control experiment for photocatalytic activity. The outcomes are 
presented in Figure S6. 
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Figure 5. (a) Mott–Schottky plots of LM/MO frameworks and Ga2O3 nanoparticles measured in 
Na2SO4 solution (0.3 M, pH 7.0). (b) XPS valence band spectra of LM/MO frameworks and 
Ga2O3 nanoparticles. (c) Band structure diagram of the combined system. 
 
The enhancement in photocatalytic activity of the combined system can be related to its 
band position. The conduction and valance band positions of LM/MO frameworks and Ga2O3 
nanoparticles are characterized using Mott-Schottky and XPS, respectively. From the Mott-
Schottky plots shown in Figure 5a, the flat band potential of Ga2O3 nanoparticles is ~1.0 V more 
negative than that of LM/MO frameworks, which indicates that the conduction band edge of γ-
Ga2O3 is ~1.0 eV more positive than that of the frameworks.31,32 Linear sweep and cyclic 
voltammogram are also obtained and the results are shown in Figure S7 and S8. From Figure 5b, 
the difference in XPS valence band binding energy shows that the valance band edge of Ga2O3 is 
0.3 eV more positive than that of the frameworks. As the band gap of Ga2O3 is ~4.8 eV, we 
therefore estimate that the overall band gap of LM/MO frameworks is ~3.5 eV. XPS valance 
band spectra of LM/MO frameworks with different Ga2O3 nanoparticle loadings are shown in 
Figure S9, which shows the gradual variation of difference between the Fermi Level and valence 
band.  
From Figure 5b, it is noted that in the XPS valance spectrum of LM/MO frameworks there 
are two sub-bandgap states centered at 0 eV and 1.7 eV. Such sub-bandgap states could originate 
from oxygen vacancies in the sub-stoichiometric native oxides.33 Therefore, this quasi-metallic 
part of the frameworks with dominant sub-bandgap states can potentially lead to the formation of 
pseudo-ohmic contacts in the vicinity of both the semiconducting part of the frameworks and the 
Ga2O3 nanoparticles, facilitating free carrier transfer.34  
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The enhancement of photocatalytic performance for the LM/MO framework incorporated 
with 1 wt% Ga2O3, in comparison to the performance of the LM/MO framework without Ga2O3 
incorporation, is also due to another concurring effect as the plasmon peak decreases after 
incorporation of Ga2O3 (Figure 3f). To describe the photocatalytic performance, a band structure 
diagram of the combined system is shown in Figure 5c. We assume that, upon irradiation, a 
considerable amount of electron-hole pairs are generated in the semiconducting part of the 
frameworks. Because of the observation of broad peaks in the UV-Vis measurements, a 
plasmonic effect should play a role in absorbing light in the UV-Vis region in comparison to 
only Ga2O3 nanoparticles. In light of the pseudo-ohmic contacts induced by the quasi-metallic 
part of the LM/MO frameworks, the free carrier injection barrier is significantly reduced, 
therefore allowing nearly free transfer of holes from the frameworks to the valance band of 
Ga2O3 nanoparticles, where the holes have a higher oxidizing potential. Therefore this promotes 
the decomposition of organic species. At the same time, electrons could either transfer to the 
liquid metal core or remain in the quasi-metallic part of the LM/MO frameworks, thus achieving 
efficient charge separation.  
The variation of overall photocatalytic performance according to the concentration of 
incorporated Ga2O3 can be explained by a competition between two factors. On the one hand, 
incorporating Ga2O3 nanoparticles enhances the photocatalytic performance of the combined 
system due to enabling the higher oxidation potential of the holes which are transferred from the 
semiconducting part of the LM/MO frameworks through the pseudo-ohmic contacts which is 
facilitated by the presence of quasi-metallic features. On the other hand, the incorporation of 
Ga2O3 nanoparticles, which has a poor solar spectrum absorbability compared to LM/MO 
frameworks, inevitably reduces the available areas of the semiconducting part of the frameworks 
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for efficient generation of electron-hole pairs, thus reducing the overall photocatalytic 
performance of the combined system. This is evidenced by the lower rate of CR 






In summary, γ-Ga2O3 nanoparticles were synthesized using a solvothermal process. Different 
loadings of Ga2O3 nanoparticles were incorporated into LM/MO frameworks made of micro- to 
nano-sized galinstan spheres. The photocatalytic performance of the combined system was 
investigated by decomposing CR under illumination of simulated solar light. It was shown that 
potentially the plasmonic properties of the frameworks play an important role in their 
photocatalytic activities. However, it was observed that a concurrent phenomenon helped the 
LM/MO frameworks with 1 wt% incorporated Ga2O3 nanoparticles to demonstrate the optimum 
photocatalytic efficiency of ~100% h-1 with high reusability as shown by consecutive catalytic 
cycles. The investigation of the band structures of Ga2O3 nanoparticles and LM/MO frameworks 
revealed the potential formation of pseudo-ohmic contacts between the Ga2O3 nanoparticles and 
liquid metal components, reducing the hole injection barrier. As a result, the higher oxidizing 
potential and presence of an excess of holes at the valance band of Ga2O3 contributed to the 
enhancement of CR photodecomposition. The results show that LM/MO frameworks are capable 
of serving as a platform for Ga2O3 incorporation to significantly improve its photocataltyic 
performance and potentially being suitable for incorporating other wide bandgap semiconductors. 
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